Abstract-Wireless caching enables popular files to be stored at the base stations (BSs) in advance, which has been considered as an efficient way to reduce the service delay and alleviate heavy burdens on the backhaul links. In this paper, we study the BS clustering scheme for the cooperative wireless caching networks (CWCNs) with heterogeneous file preference among users and BSs, and propose the minimum cost (MC) based clustering scheme. We first introduce the weight-based cost function, which characterizes the trade-off between service delay and transmission cost, and then formulate the clustering as the optimization problem. Furthermore, two clustering algorithms are developed to solve the optimization problem. The results show that the proposed scheme can achieve lower cost compared with random clustering scheme.
I. INTRODUCTION
The wireless data traffic has experienced a tremendous growth in recent years and the congestion problem due to the growing traffic in wireless network has caused massive attention. One promising solution to reduce backhaul cost and service delay is the wireless caching [1] - [3] . By this technology, storage units are utilized to prefetch popular files in small cells during off-peak hours before being requested locally by the end users.
As an effective method to increase the data accessibility and system performance, the cooperative wireless caching has been studied in [4] - [8] . In the cooperative wireless caching networks (CWCNs), the files stored at local are shared among BSs, i.e., BSs can retrieve the files from other BSs through backhaul links. Hence each BS does not need to keep the same copies of popular files for mobile users. A cost-aware distributed algorithm, which is based on a collaborative framework, was proposed in [4] . Authors in [5] proposed the cooperative caching strategies with content popularity in a delay tolerant mobile network, which can achieve the nearoptimal performance. To increase the hit ratios in mobile adhoc networks, the Regionally Maintained Cooperative Caching (RMCC) scheme was introduced in [6] . In [7] , the cooperative local caching with heterogeneous file preferences among different mobile terminals (MTs) was investigated, where files are stored at MTs and shared through device-to-device (D2D) communications. In [8] , authors proposed a combined caching scheme that considers the cooperation not only in the cache space but also in the physical layer. However, in most of the existing works, the transmission cost of cooperation among BSs is not taken into account.
Regarding the issue of transmission cost, it has been known that, grouping the BSs into coordination clusters of small sizes is an approach to reduce the overall backhaul transmission cost. It is due to the fact that the files sharing is only enabled among the BSs in the same cluster, the files transmission is not available between different clusters. In [8] , BSs are grouped into disjoint clusters and the cache space is seen as an entity within each cluster. Although recent works have developed some BS clustering strategies [9] - [11] , they focused on designing beamforming strategies for each BS. Besides, distributed caching scheme where each BS decides its file placement individually was studied in [12] , [13] . But the tradeoff between service delay and transmission cost has not been investigated in BS clustering schemes.
Motivated by the above issue, we focus on the BS clustering schemes for CWCNs with the heterogeneous file preference among users and BSs, and propose the minimum cost (MC) based clustering scheme. We consider the effect of both the transmission cost and service delay and introduce the weight based cost function. Furthermore, we formulate the BS clustering as the minimum cost optimization problem with the constraint of storage capacity, and develop two algorithms to solve the optimization problem.
The rest of this paper is organized as follows. We present the wireless caching network model and formulate the optimization problem in Section II. In Section III, we investigate the clustering schemes in CWCNs with heterogeneous file preference. Numerical experiments are presented to evaluate the performance of proposed clustering schemes in Section IV. Finally we make conclusions in Section V.
II. SYSTEM MODEL
The system model of cluster-based CWCN, consisting of core network (CN), transport network (TN) and radio access network (RAN), is illustrated in Fig. 1 . We denote the BS set by M = {1, 2, ..., M }, user set by N = {1, 2, ..., N } and file set by F = {1, 2, ..., F } respectively, where M, N, F ∈ Z + . We assume each file has the same length l. The storage capacity constraint for each BS is denoted as C. Assume C = λl, where λ ∈ Z + denotes the number of files that can be cached at each BS. Since BSs can communicate with each other via backhaul links in CWCNs, we denote the equivalent bandwidth between BS i and BS j as b l (i, j ∈ M). The equivalent bandwidth of backhaul link to CN for each BS is assumed to be b c . Without loss of generality, we assume b l > b c . We denote the file placement matrix as S ∈ R M ×F with entries s mf ∈ {0, 1}, where s mf = 1 denotes file f is stored at BS m. For simplicity, we suppose the file is stored as a whole. The user set served by BS m is denoted as N m ⊆ N , such that N i ∩N j = ∅(i = j, i, j ∈ M), and ∪ m∈M N m = N . Every user n ∈ N has a file preference vector p n ∈ R 1×F , which follows the Zipf-like distribution [14] . Denoting the file index vector of user n ∈ N as o n = {o n1 , ..., o nF }, the popularity of file f for user n can be calculated as
The shape parameter γ > 0 and it is the same for all the user. It is clear that the file popularity for BS m ∈ M can be presented as
The strategy that caching files according to descending order of q m is adopted by each BS, and it terminates until the storage capacity is fully occupied. We suppose that r requests occur at each BS during time interval t. In particular we assume r = 1.
Supposing the BSs are divided into K ∈ Z + clusters, the cluster k ∈ K = {1, 2, ..., K} is denoted as Ω k . The cluster set is then defined as Ω = {Ω k |k ∈ K} and the element has the properties:
, and ∪ k∈K Ω k = M. Now we consider that user n ∈ N m requests file f from BS m ∈ Ω k . If s mf = 1, user n can get the file from the local. Otherwise, BS m will broadcast the request to other BSs in Ω k , and those BSs which have stored f will send the file to BS m. Since the distributed scenario is taken into account, the BS m may receive multiple copies of f . We define the transmission cost between BS i and BS j as u l . If the file f does not exist in Ω k , BS m will retrieve f from CN with the transmission cost u c , where we suppose u l < u c . In addition, the clusters are assumed to be disjoint.
The delay for transmitting the requested file f at BS m ∈ Ω k can be calculated as
The corresponding transmission cost is The indicator function 1{H} returns 1 when H is true; otherwise 0. Therefore the delay and transmission cost of cluster k can be respectively obtained as
To achieve reasonable trade off between delay and transmission costs, we consider a weight based cost function as
where α 1 and α 2 are the weights. The minimum optimization problem can be formulated as
III. MINIMUM COST BASED CLUSTERING SCHEME
In this section, we study the minimum cost based BS clustering scheme for two scenarios: heterogeneous file preference among users and the base stations.
A. Heterogeneous File Preference Among Users
For CWCN with heterogeneous file preference among users, the preference for each user is generated randomly according to (1) , and p i = p j for i = j, i, j ∈ N . Then the mean value of file preference q mf when N → ∞ can be expressed as
Since the caching strategy for each BS is fixed, the distribution for the i.
Through denoting p = Pr(s mf = 1), we get the following 
Inserting (10) into (5), the mean delay of cluster k is got as
While the mean transmission cost is
Now the problem becomes to find optimal size vector ω = {|Ω k ||k ∈ K} to minimizeΠ for a given C.
The cost is determined by the number of clusters and the size of each cluster. Fig. 2 shows the simulation value and theoretical value of costΠ when α 1 = 0.5, α 2 = 0.5, M = 30 and |N m | = 30, m ∈ M. Notice that the optimum number of clusters change with the storage capacity.
Since (13) is an integer linear programming problem, it is hard to find the optimal solution. We relax the constraint and propose an algorithm to obtain the suboptimal clustering scheme. Combine (11), (12) and (13) we getΠ as
Algorithm
; β 1 and β 2 according to (15) 
Calculate Π according to (6) with Ω.
where
Define the function x = [·] b a which confines the value of x within [a, b]. Then we conclude Theorem 1 to give out the optimal solution for the constraint relaxed problem (13) . (14) respectively, where
The Theorem 1 can be proved via the Lagrange multipliers. In Theorem 1, we have relaxed |Ω k |(k ∈ K) to be real. However the obtained costΠ for the scenario 0 < λ < F,
are constrained to integers and |N m |(m ∈ M) can not be infinity for (8) . To find the sub-optimal clustering scheme, we propose the heuristic Algorithm 1, where we first determine the cluster number K according to Theorem 1. Then in the main step, we group the BSs into K clusters. Suppose the complexity of initialization is O (1) . Since the complexity of clustering BSs is O(2M ), the complexity of Algorithm 1 is
B. Heterogeneous File Preference Among BSs
With the truth that users have regional correlation in content characters [15] , we suppose that the users associated with the same BS have the same file preference where g i = g j , i, j ∈ N m . However, the file preference of users in different BSs are generated randomly. In this scenario, we investigate the BS clustering scheme for ( 
Then the delay of transmitting the requested file f at BS m is
Likewise, we get the transmission cost as
(18) Define the cost function of cluster Ω k as Π k = α 1 Γ k + α 2 Υ k and it can be calculated as
(19) Note that theō † m is determined by q m , since BS m ∈ M caches files according to the descending order of file popularity vector q m .
The optimization problem is plugging by taking (19) into (7) . Considering the huge difficulty in finding the optimum clustering scheme Ω to minimize Π = k∈K Π k , we alternatively solve the optimization problem in a heuristic way. 
Consider two clusters Ω k1 and Ω k2 , k 1 , k 2 ∈ K, k 1 < k 2 , Π k1 and Π k2 , respectively. Now we merge the two clusters into a new one Ω knew = Ω k1 ∪ Ω k2 and hence
The amount of changed cost through merging two clusters is obtained by
. If Δ k1k2 < 0, the cost function can be reduced by combining clusters Ω k1 and Ω k2 into a new cluster Ω knew . Otherwise, merging the two clusters will increase the total cost. Therefore we propose the greedy clustering algorithm to solve the optimization problem, which is shown in Algorithm 2. In the main steps of Algorithm 2, two clusters that enable the reduction of total cost are selected for the merging process. We assume the complexity of the initialization step of Algorithm 2 is O(1). In the Cluster Mergence step, the Δ k1k2 needs to be calculated for 
IV. NUMERIC RESULTS In this section, we validate the performance analysis of the proposed MC based clustering scheme for CWCNs with heterogeneous file preferences among users and BSs. The parameters used for simulations are given in Table I . Fig. 3 illustrates the number of clusters for the MC based BS clustering scheme for CWCN with heterogeneous file preference among users. The result shows that the number of clusters increases with the growth of storage capacity, except for C = 0 and C = 100. That is, the cluster size decreases with the growth of storage capacity. This is because C = 0 means that there is no cache, thus the cost is identical for any cluster schemes, while the cost is equal to 0 for C = 100 as all files are cached at the BSs. Besides, the number of clusters decreases with the increasing of delay weight α 1 , but increases with the increasing of the transmission cost weight α 2 . This is because that the delay can be reduced through enlarging the cluster size, which is equivalent to decrease the number of cluster. On the contrary, the transmission cost can be reduced by increasing the number of cluster. Fig. 4 compares the cost of the MC based BS clustering scheme and random clustering scheme for the CWCN with heterogeneous file preference among users with weight α 1 = 0.5 and α 2 = 0.5. It is shown that the MC based BS clustering scheme can achieve lower cost than the random clustering scheme. Besides, for random clustering, at the low storage capacity region, the cost increases with the growth of the number of clusters K, while the cost decreases with the growth of the number of clusters K at medium to high storage capacity region. This is because that the delay plays the dominant role when C is small and increasing the cluster size can reduce the delay. While in large region of C, the transmission cost, which can be reduced by increasing the number of cluster, is dominant over Π. The number of clusters for the MC based clustering scheme for CWCNs with heterogeneous file preference among BSs is presented in Fig. 5 . As shown in Fig. 5 , the number of clusters increases with the growth of storage capacity and keeps stable at high storage capacity region, except for C = 0 and C = 100; the number of clusters decreases with the increasing of delay weight α 1 , but increases with the increasing of the transmission cost weight α 2 . The reason for this phenomenon is similar as that for the Fig. 3 . Fig. 6 compares the cost of the MC based clustering scheme and the random clustering scheme for CWCNs with heterogeneous file preference among BSs with weights α 1 = 0.5 and α 2 = 0.5. The result shows that the MC based BS clustering can achieve lower cost than the random clustering and the similar trends can be observed as the Fig. 4 .
In Fig. 7 , we present the costs of the MC based clustering scheme for CWCNs with heterogeneous file preference among users and BSs, respectively. The result shows that the MC based clustering scheme for heterogeneous file preference among users and BSs decreases with the growth of storage capacity; the cost of the MC based clustering scheme for CWCNs with heterogeneous file preference among BSs is lower than that of CWCNs with heterogeneous file preference among users. This is caused by the difference of the file preference in two scenarios and the caching strategy adopted by BSs. Besides, different weights for delay and transmission cost plays significant effects on the total cost in small region of storage capacity, where the delay dominants total cost. When storage capacity grows to mediate and large region, the delay and transmission cost gets close.
V. CONCLUSIONS
In this work, we proposed the MC based BS clustering scheme for CWCNs with heterogeneous file preferences to minimize the cost that users request files from networks. We consider the effects of both service delay and transmission cost on the total cost and introduce the weight-based cost function to characterize theses two factors. Furthermore, we formulate The results confirm the analysis and show that proposed MC based BS clustering scheme can achieve lower cost than random BS clustering scheme.
